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INTRODUCTION

In recent years there-have been several instances (1,4,5) (one
in California) of brittle failures in bridge steel at stresses
well below the yield strength. This indicates that brittle

fracture is a limiting factor in bridge performance which has

not always been properly considered in design.

The resistance of a steel to "brittle" fracture is measured by

its plane strain "fracture toughness". This property, represented
by the symbol “ch", is directly proportional to the gross section
stress required to start a crack in a specimen that has been
sharply notched transverse to that stress. This relation can

be represented by the following expression:

(1) ch = Co /ma

Where -

"C" is constant function of test specimen shape and hotch
depth similar to a stress concentration factor,

"o" is the gross cross section stress applied to the speciF
men (i.e., stress without considering the cross section
area lost to notch depth), and

"a" is the initial notch depth.

This property is measured by subjecting a notched specimen with

"a" values, to a gradually increasing stress until

known "C" and
it cracks at the notch. The stress at which this occurs is
-1tered in expression (1) to get the fracture toughness ch for
the steel in the specimen.

Once the fracture toughness has been determined, expression (1)

can be reversed to giwve:
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: K
(2) g = —_1C

CVYm a

Using expression_fzj, the stress reduired to initiate a brittle
fracture off a notch of known depth “a" in a structural element
of steel of known fracture toughness can be investigated if the
values for "C" for a notch in an element of that cross section

shape can be derived using the principles of stress analysis.

The standard tests uséd to directly measure "fracture toughness"
are described in ASTM E399. These tests require specimens which
are expensive to machine and often too thick to be obtained from
"as-rolled" bridge steels. These size and cost shortcomings
render the applicétion of direct measurement fracture toughness
requirements impractical if not impossible for many bridge steels
at this time. This has led to the development of several
empirical correlations between "fracture toughness" and Charpy V
Notch (CVN} fracture energy in an effort to provide engineering
estimates of ch values from the'smaller and less expensive CVN
tests and to provide a basis for CVN requirements. At the
initiation of this reéearch project'(June 8, 1973), however,
ASTM A517 was the only bridge steel that had been regularly
specified. for bridge use with a Charpy impact requirement.

This absence, at that time, of established precedents upon

which to base CVN requirements caused the Transportation
Laboratory to utilize the general relations between grain
structure and'toughness in attempts to assure at least some
degree of resistance to brittle fracture in the other commonly
used bridge steels.

Fracture toughnesé is known to be dependent on the metallurgical
properties, namely the grain characteristics (size and type),
of the finished steel. Generally, the finer (smaller) the

ferrite grain, the tougher the steel (7). Recognizing this
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relationship, it was concluded that grain size requirements
could be used to provide some assurance of reasonable fracture
toughness in the absence of a CVN requirement. Hence, specifi-

. cations emerged which attempted to insure fracture toughness
via grain size control., These usually contained a statement
similar to the following:

"The material shall be silicon killed, made by fine grain practice."
This process, explained later, requires the introduction of

special chemicals during the steel melting process., These

chemicals give the steel a potential for fine grain structure

if the proper rolling procedure is followed.

As originally proposed, this research project is a two-part

effort:
Part I: Determination of the effect of "fine grain"
melting practice on the toughness of finished
plate.

Part I1: Determination of the effect of loading rate on
the toughness properties of bridge steels.

This interim report is concerned wilth Part I of the project only.
a separate report on Part II will be forthcoming.

Originally proposed under Part I of thils project was a work plan
involving reheat-treatment and subsequent physical testing to
determine, primarily, the effect of various heat treatments on
the grain size and related toughness properties of two popular
bridge steels, A36 and A441,

ClihPDF - www .fastio.com


http://www.fastio.com/

ClihPD

As the Part I'inﬁgétigation pProgressed and the investigators
digested more information concerning the measurement of grain
size and its significance, it became apparent that serious
inadequacies existed in the currently used McQuaid-Ehn method
(ASTM E112) of grain size determination. It was found that

the McQuaid-Ehn tést, in itself, provided information which
often was not indicative of the properties (fracture toughness)
of the finished plate. Also, at about the same time this
observation was made, the AASHTO Charpy V Notch energy require-
ments were established for all bridge steels. This more
desirable "performance-type" specification virtually eliminated
the need for graiﬁ size testing, at least for the purpose of
fracture toughness control. The only remaining justification
for retention of the "fine grain practice" requirement would

be the added,assufance of uniform mechanical properties (and
toughness) across‘any given plate and from plate to plate
within any given heat of steel.

Considéring thosekarguments, which tended to discredit the value
and necessity of grain size measurements by the McQuaid~Ehn
method, it was decided that the testing originally proposed under
Part I should be €liminated, but that this interim report should
be written to docﬁment our findings supporting the above-mentioned
contentions,

CONCLUSIONS

Our conclusions are as follows:

1. The McQuaid-Ehn test, currently used to indicate prior
austenitic grain size, is by itself not a guaranteed indica-

tion of fracture toughness of hot rolled steel plate.

hY
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2. The MecQuaid-Ehn test, currently used to indicate prior

austenitic grain size, is valuable in determining whether "fine

grain practice" (aluminum deoxidation) was observed in the steel
. melting process.

3. When it is associated with uniform carbide dispersion,
ferrite grain size measured in the as-rolled Plate is a more
realistic indicator of fracture toughness than the prior
austenitic grain size obtained in the McQuaid-Ehn test.

Metallurgical references also indicate that:
1. Grain refinement can be accomplished in the following ways:

a) rolling (finishing) at a temperature below the grain
coarsening temperature (Flgure 2} in "killed, fine grain"

steel, .
b) normalizing of "killed, fine grain" hot-rolled steel.
c) quenching and tempering.

2. Decrease in susceptibility to brittle fracture can be

associated with:

a) fine ferritic grain structure.

b) high ferrite-to-pearlite ratio in hot rolled steels,
c)_ decreased carbon and phosphorus contents.

e) the addition in amounts of 0.02 to 0.06% aluminum or

aluminum and zirconium, titanium, vanadium, and/or niobium,

ClihPDF - www .fastio.com
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RECOMMENDATIONS AND IMPLEMENTATION

Midway through this investigaﬁion Caltrans adopted the AASHIO
Group 2 Charpy testing requirements for most bridge steels.
This implemented the larger original objectives to this work,
i.e., the establishment of a workable toughness requirement

for bridge steels, and rendered further investigation

unneceEssary.

DISCUSSION

Géheral

Inraﬁtempting to explain the influence of grain size on steel
toughness, it should be noted that hot rolled steel properties
are controlled primarily by the relative amounts and distribu-
tions of iron carbide (cementite) and iron (ferrite) (1) and by
the strength of the ferrite in the finished steel plate. Hence,
the mechanical pfbperties of most plain carbon steels are
depehdent‘primariiy upon the ferrite - cementite grain configur-
ation rather thanléhemical element content (2). Along with the
ferrite grains, in slow to moderately cooled steel, are inter-
spersed grains oprearlite which is composed of ferrite and
cementite in a lamellar arrangement. In addition to a small
ferritic grain size ($7+), it is necessary that the ferrite-to-
pearlite ratio bqfat least as large as 1 1/2 to 1 if good fracture

toughness is to b§ realized.

Ferrite is the aliotrope of iron that is commonly observed in
bridge steels at room temperatures (an allotrope is an alter-
nate form of an element, for instance, graphite and diamond are
allotropes of carbon). Ferrite exists in steel as homogeneous

crystals of "ferrite" and as a heterogeneous mixture with iron
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carhide in crystals of "pearlite"., It is stable in bridge steels
up to about 1600°F in its homogeneous form and about 1335°F in
its heterogeneous or pearlite form. Above these temperatures

it transforms to a second allotrope of iron called austenite
which is unstable in bridge steels below 1335°F. The lower
temperature is frequently referred to as the "lower critical
transformation temperature". This temperature may vary as

much as + 50° in bridge steels depending on alloy content and
heating or cooling rate.

Referring to Figure 1, it can be seen that on heating just above
the lower critical transformation temperature (A }, usually
about 1335°F, all pearlite grains change to austenlte. As the

temperature is raised farther ahove A the austenite dissolves

1)
more and more of the surrounding ferrite grains until at the
upper critical transformation temperature (A ) of about 1600 F,
the last of the ferrite has been absorbed lnto the austenite,
and austenitic grain structure pPrevails. These austenite grains
grow in size in proportion to the temperature above A_ to which

3

they are heated., On slow cooling below A the final product

ll
is a mixture of ferrite and pearlite/grains - the relative
proportions of each being dependent on the carbon content and

cooling rate, and tending to dictate toughness characteristics.

"Killed, fine grain Practice"

Some specifications attempt to control fracture toughness by
requiring that the steel be "killed" and made according to

"fine grain practice".

The term "killed" simply implies that the steel has been de-
oxidized sufficiently for it to lie perfectly quiet when poured
into the ingot mold. Or, in other words, there is no evolution

nvw.fastio.com L
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of carbon monoxidé.gas during solidification. This is accom-

plished by the addition of silicon to the melt to convert oxygen
in the steel to the stable oxide, 8102
to react with the' carbon and form carbon monoxide gas. The

This leaves no oxygen

result is a sounder, more homogeneous steel with a slightly
lower yield strength,

As was mentioned Previously, 100% austenite is formed when the
steel is heated above its upper critical (A } temperature. The
austenite grains grow in size in pr0port10n to the temperature
above A3 to which they are heated, i.e., the higher the steel
is heated above its A3”temperature, the larger the grains of
austenite tend to grow. Since this austenitic grain growth
.cannot be reversed by cooling, it will normally result in a
coarser final ferritic grain structure. Hence, it is often
desirable to limit the extent of the growth by the addition of
aluminum to the melt while it is in the ladle. This technique,
constitutes what is popularly known as "fine grain practice",

and steel made using this technique is often labeled "inherent
fine grain® steel.:

The effect of alumlnum and of small additions of zirconium,
titanium, vanadium and/or niobium in 1nh1b1t1ng austenitic

" grain growth at temperatures above A3 is shown in Figure 2.
These elements combine with nitrogen and carbon to form com—
pounds that remain insoluble in the austenite grain boundaries
below about 1900°F“ The presence of these compounds in the
grain boundaries in fine grained steels slows the enlargement
or growth of’'austenite grains that normally occurs in coarse
grain steels as the temperature increases above the lower (A )
and upper (A ) transformation temperatures (about 1350° and

. le0o°r respectlvely = at which temperatures pearlite and ferrite
are transformed to-austenite). Hence with these added compounds,
the austenite grains in fine grain steel up to about 1900°F
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remain almost as small as when they were formed at 1600°F,

When this fine grain steel is heated above about 1900°F, however,
these inhibiting compounds are dissolved and the austenite grains
enlarge and rapidly grow to be as big és they would ke in coarse
grained steels.

As previously explained, the enlargement of the austenite grains
brought about by heating above 1900°F cannot be reversed by
cooling back below 1900°F, The compounds that inhibit the
enlargement of the austenite grains, however, are reprecipitated
below this temperature. Thus, if the larger austenite grains
are refined by normalizing or by rolling or forging below
1900°F, they remain smaller by virtue of the presence of the
reprecipitated inhibitors than they were before normalizing,
rolling or forging. The ferrite and pearlite grains that are
subsequently formed from these smaller austenite grains when

the steel is cooled back down through the transformation
temperatures, are smaller then the grains that would have
resulted from the transformation of larger austenite grains
(such as those associated with coarse grained steel or with

fine grained steel hot rolled above 1900°F).

In the McQuaid-Ehn test, to be described later, the 1700°F
austenitic grain size is measured. Prom Figure 2, it can be

seen that at 1700°F the "fine" and "coarse" grain steels differ
drastically. This suggest that the McQuaid-Ehn test could be of
value in determining whether or not "fine grain practice" had
been observed in the melting operation. But, this information

is not sufficient to reveal the true grain structure in the
as-rolled (finished) plate. Referring to Figure 2, it is evident
that even if "fine grain practice" is observed in the steel melt-
ing process, the finished plate could still exhibit a coarse
grain structure if it had been rolled at a temperature above

the grain-coarsening range, as is often the case.
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{¥One undesirable rgsult‘of‘"fihe grain practice", however, is
poorer surface quality on the finished plate. It should be
pointed out that a "fine grain practice" steel making process
can only be effective if performed on "killed" steel.

It is obvious that specifications which attempt to control
fracture toughness through a "fine grain practice" melting
requirement are inadequate unless one or more of the following
supplenental safeguards is specified by the steel user:

1) performing precracked Charpy impact test.
2) minimizing final rolling temperature.
3) post-roll hormalizing treatments at minimum

normalizing temperature.

The McQuaid~Ehn-Té§t

The grain size Cur}ently referred to in steel specifications is
the "prior austenitic grain size" commensurate with the "baking"
temperature (1700 F) of the McQuaid-Ehn test method. "Prior
austenitic grain size" refers to the maximum size that the

austenitic grains were able to attain during the heating
operation. The McQuaid-Ehn test method requires that the
specimen be heated_above its A3 temperature to 1700°F, in a
carbonaceous atmosphere, so that after cooling and the attendant
return to ferrite graln Structure, the prior (i. e., 1700°F)
austenitic grain boundaries are retained in the form of rejected

iron ~arbide and can be highlighted using a suitable etching
agent. This method of reveallng pPrior austenitic grain

10
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boundaries depends on controlled cooling such that the austenite
is made to transform to pearlite with attending rejection of
excess iron carbide to the austenitic grain boundaries (3).

But the introduction of carbon and oxygen in the McQuaid-Ehn
test alters the chemistry and makes the test specimen exhibit
different grain structure than if the plate were heated to
1700°F in a noncarbonaceous atmosphere. Probably the greatest
shortcoming of the McQuaid-Ehn method, however, lies in the

fact that its 1700°F baking temperature does not necessarily
simulate the production heat treatment (rolling temperature of

the steel being tested. It should be pointed out that the prior
austenitic grain size tending to influence the size of the cooled
ferritic grains in a rolled steel plate is the austenitic grain
size corresponding to the final rolling temperature or, in
general, corresponding to the temperature of the most recent
thermal conditioning that the plate has undergone, which may

or may not have been 1700°F. For example, if a plate is finish-
rolled at, say 2000°F, not 1700°F as implied by the use of the
McQuaid-Ehn method. The McQuaid-Ehn test, then, falils to
disclose the effective (as-rolled) grain structure of a steel
pPlate, but does reveal the austenitic grain size for all steels
at 1700°F, regardles of each steel's actual thermal history.

More useful grain size information might be obtained by subject-
ing the test sample to a thermal conditioning which duplicates
the production temperature rather than merely heating all steels
to the specified 1700°F, regardless of their rolling temperature
or post-roll heat treatment.

11
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" As mentioned abovez fracture toughness is primarily controlled
by ferrite grain size and distribution. Therefore, even a
measurement of the  true prior austenitic grain size would not
provide the most realistic indication of the steel's fracture
touchness. However, prior austenitic grain size can usually

be related to final ferritic grain size in the sense that
ferrite grains will always be smaller than the observed grains
of austenite. Prior austenitic¢ grain size can also be related
to the uniformity with which the pearlite grains are distributed
throughout the ferrite matrix.

"It is generally accepted that a more realistic estimate of
fracture toughness and Nil Ductility Temperature (NDT) might
'be obtained from the measurement of ferritic grain size in the
finished plate (7). This could be done by etching and direct

metallographic examination without reheating the specimen.
This would thereby provide practical information as to the
quality of the as—folled (finished) plate. Attempts to relate
finished grain sizérto the attenuation exhibited by ultrasonic
waves have also had;some success (6).

In summary, the McQuaid-Ehn test exhibits three basic shortconings:

(1) it does not necessarily duplicate the actual thermal
history of the plate.

(2) it introduces elements (carbon and oxygen) which affect

the grain size exhibited by the test specimen.

(3) it measures austenitic rather then ferritic grain size.

12
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PEARLITE (lameliar
configuration of
Ferrite and Cementite)

Surrounded by
FERRITE

PEARLITE transforms to
AUSTENITE @ A;
(the lower critical
transformation temperative)

- FERRITE excess is absorbed
yielding 100% AUSTENITE

@ A3 (the upper critical
transformation temperature )

AUSTENITE grains grow
with additional heat

/A above Az

" Figure |, EFFECTS OF HEATING ON STEEL GRAIN STRUCTURE
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